New aggressive therapeutic options have recently become available to treat inflammatory arthritis (IA) and rheumatoid arthritis in particular. These treatments not only control joint destruction, they may also aid in new bone formation at sites of eroded bone. Separation of non-responders from responders to these treatments, is critical, and is known to lead to reduced disease burden, toxicity, side-effects and overall cost. The bones of the wrist are early targets of IA and are known to show response to therapy early. In this paper, we develop a method to quantify point-wise erosive changes of wrist bones in IA patients undergoing treatment. The method employs 3D registration-based morphometric analysis. Our results indicate that the proposed method has potential to improve sensitivity to small, early changes in bone erosion status. This study has potential to provide new imaging biomarkers to be used in clinical trials evaluating the efficacy of new arthritis drugs.
INTRODUCTION
Inflammatory arthritis (IA), such as Rheumatoid Arthritis, is known to cause significant disability and loss of function. Over 2% of the world's population is affected by such conditions, 75% of whom are women [1] . IA also increases the risk for other diseases, such as cardiovascular and renal disease [2] .
New aggressive biologic drugs (e.g., etanercept, infliximab) are proving to be highly effective for the treatment of IA [3] . These therapies not only control disease; data show that regeneration of eroded bone, and therefore recovery of function, is also possible. Determination of the right treatment for IA on an individual patient basis early in the disease cycle is becoming critical with the advent of new drugs [4] because of potentially severe side-effects.
The small joints of the wrist are typically one of the first areas to show response to biologic therapy [5] . Conventional techniques for measuring IA status, progression and response to therapy are physical examination by a rheumatologist or planar X-ray radiography. Tomographic imaging using X-ray CT or MRI is becoming increasingly common to overcome the limitations associated with subjectivity, poor sensitivity, and sub-optimal visualization capabilities of the conventional techniques. There is therefore demand for developing software tools that have high sensitivity to small, early changes in bone status, while allowing superior performance for interreader reproducibility and reliability than human observers [6] . In this paper we describe a method for performing morphometric change analyses on longitudinally-acquired high resolution anatomical images (X-ray CT and MRI) of the carpal bones of the human arthritic wrist. Morphometric analyses are well-suited for the task of determining therapeutic efficacy in IA because bone destruction due to IA typically manifests as surface atrophy on carpal bones and results in a reduction in bone volume. A good response to a drug corresponds to bone remodeling and re-growth, hence, stable or increased bone volume. Localization of the change on the bone surface is also required since the distribution of erosive changes may be different for the different arthritides [7] . The technique developed here, registration-based morphometry, attempts to provide 3D maps of erosive changes in a longitudinal setting. We conduct initial validation of the technique on CT and MRI wrist scans in four IA patients undergoing treatment where the clinical outcome is known. 
MATERIALS AND METHODS

Patient imaging data
Two patients with established IA who were candidates for starting the tumor necrosis factor-α blocker etanercept underwent hand X-ray CT scanning at baseline (a mean of 3 days before initiation of therapy) and at 90±7 days after starting treatment with 6 month follow up. Written informed consent was obtained based on the guidelines of the UC Davis Institutional Review Board. The characterization of the extremity CT system has been reported by our group previously [8] . Briefly, the patient lies prone on a table top and suspends his/her dominant hand into the CT field-of-view through a hole on the table top ( Fig. 1(a) ). The CT field-of-view is 15 cm. At 30 frames/s, 500 cone-beam projection images were acquired at 360
• around the patient's hand in 17 s. Images were reconstructed into a 512 × 512 × 512 matrix with an isotropic voxel size of 0.3 mm using the Feldkamp method. To limit intra-and inter-scan movement and repositioning error, a CT-compatible patient-specific hand immobilizer was designed (fabrication time <5 min) from thermoplastic materials and reused for longitudinal follow-up ( Fig. 1(b) ). The thermoplastic material was MR-compatible.
In a separate study, two different patients with the same characteristics as above underwent MRI scanning of the hand on a General Electric 1.5T MRI scanner, using the knee coil and the thermoplastic mold ( Fig. 1(c) ). T 1 -weighted images of the wrist of the dominant hand were acquired with a 0.5 mm isotropic voxel size at baseline and at 90±7 days after initiation of treatment.
Morphometric analysis for change detection
In order to perform point-wise measurements of volumetric change, the triangulated representations of the boundaries of the segmented regions were extracted for a single bone in the baseline and follow-up scans. These surfaces were then registered using a surface-based registration method (section 2.2.1) and the point-wise measure was computed.
Surface-based registration
The matching problem for registering the boundary triangulations of bone surfaces was formulated as an L 2 distance minimization, where the distance was computed from the pointset of the bone surface from baseline (template) to that from follow-up (target). The L 2 distance metric d between the template ∂Ω A and target surface ∂Ω S was defined by:
In this expression, for each location on the target surface point-set we find the closest point on the template surface and vice-versa. Our objective, then, was to deform the template surface ∂Ω A such that the distance metric is minimized. Additionally, we wanted the displacement field for this operation U to be smooth, such that the deformed surface ∂Ω A + U remained smooth. This was achieved by a Laplacian regularizer on the displacement field. The cost function C S was defined as:
where ∆ d denotes the discrete Laplacian [9] calculated on the triangulated mesh of the boundary. The minimization of the pseudo-distance was performed by a search strategy over the point-set and gradient descent [10] , and resulted in a displacement vector field U . The search algorithm was based on the Qhull algorithm and was implemented in MATLAB ® . The displacement field U obtained as a result of this minimization was then applied to the template surface ∂Ω A to get the surface ∂Ω s = ∂Ω A +U that matched the target surface ∂Ω S .
A point-wise measure of volumetric change
The application of the L 2 -based surface registration process yields a point-wise displacement vector field at every point on the mesh model of the bone. However, the real interest here was to compute the amount of bone change at various points on the surface. A point-wise measure of volume change was necessary for such a characterization. Here we present such a measure based on surface warping [11] .
First, we computed a Voronoi tessellation of the given polyhedral mesh. A Voronoi cell R k for node P k consists of all points on the polyhedral mesh whose distance to P k is not greater than their distance to any other node. A depiction of a Voronoi cell corresponding to a node is shown in Fig. 3 . The Voronoi tessellation resulted in a decomposition of the polyhedral mesh into Voronoi cells, such that each cell corresponded to the node that lies at its center. For a triangular mesh, area of the Voronoi cells can be computed in closed form by where N 1 (i) denotes the ring of vertices that directly connect vertex i. In order to get a measure of the point-wise volume change D Vol , we multiplied the area of the Voronoi cell for the vertex i denoted by A Voronoi by the displacement d computed at i:
This was a point-wise measure of the volume change defined at nodes of the triangulated mesh when the displacements are relatively small. Linear interpolation was used to compute the volume change at all points on the surface between the nodes producing a measure defined continuously on the entire surface.
Carpal bone segmentation and clinical assessment
Three bones (the capitate, scaphoid and trapezium) were selected for analysis for each patient. Two sets of analyses were conducted. The first was to characterize the segmentation variability and algorithmic stability cross-sectionally and longitudinally when no anatomical change occurred. The second was to characterize longitudinal change by the proposed method and compare with radiological outcome.
Intra-observer variability and algorithmic stability
A board-certified musculoskeletal radiologist noted no clinically significant change for the trapezium from baseline at the 90±7 day follow-up for all four patients. The trapezium was used as a control and was segmented by a single reader 5 times each at two time points with an interval of 1 month between consecutive segmentations. The segmentation was carried out in a semi-automated manner using the BrainSuite software [12] . Specifically, this involved a single step of intensity thresholding, followed by choosing the connected component associated with each selected bone. Dilation and erosion operations were then performed to delineate the bone. The segmentation from baseline was warped to that from follow-up using the method described in section 2.2 and morphometric changes were noted.
Quantification of longitudinal change
Changes in the capitate and scaphoid bone erosion status were classified by the radiologist using three categories, (A) increase in bone erosion (clinical non-responder), (B) decrease in bone erosion (clinical responder), and (C) no change in bone erosion status (clinical responder). The capitate and scaphoid were segmented at baseline and at follow-up for each patient scan as outlined above by a reader who was blinded to the radiological outcome. Morphometric analyses were conducted as described in section 2.2 between the baseline and follow-up imaging data. Outcomes of the 6-month standard-of-care rheumatologist examination were obtained for comparison. Figure 4 shows representative surface variations because of repeated segmentation of the trapezium bone at the two time points. In this patient, the average trapezium volume was 1415 mm 3 , while the standard deviation over the five measurements was 15 mm 3 . When the task was repeated 1 month later, the average trapezium volume was 1414 mm 3 , while the standard deviation over the five measurements was 18 mm 3 . The same order of repeatability was found for the trapezium bones in the other patients. The change in the point-wise volume change measurement was <0.05 mm 3 .
RESULTS
Normal variation in bone erosion status and volume
Changes in erosive status and comparison with radiological and clinical outcome
In two out of the four patients studied, insignificant change based on the normal variation in measurement of the bone erosion metrics was noted. This perfectly correlated with the radiologist assessment and the 6-month rheumatologist examination. In the third patient, continuing erosive changes were detected by the radiologist from CT at follow-up. The results for our method for the scaphoid bone are shown in Fig.  5 . A maximum change (decrease) in the point-wise volume change measurement was 0.3 mm 3 . The bone volume showed a similar degree of change decreasing from 3325 mm 3 to 3309 mm 3 . This patient was indeed found to be a non-responder to the drug at the 6-month clinical examination. In the fourth patient, radiologist interpretation was that there was no change in bone status, however, our analysis showed an increase in the point-wise volume change measurement with a maximum of 0.12 mm 3 . The 6-month clinical examination showed that this patient was a responder to the drug.
DISCUSSION AND CONCLUSIONS
We have described a method for performing rapid morphometric analysis to localize and quantify erosive changes, or the lack thereof, in patients undergoing therapy for IA. The proposed method was stable and produced satisfactory performance for characterizing normal variation. Our results correlated well with the clinical outcome in this cohort, but there were discordant findings between the radiologist score and the proposed method for one patient. Since the 6 month follow up showed this patient was responsive, we hypothesize that this may be because the proposed method is more sensitive to change. The current sample size however is clearly inadequate to test this claim. Since this was a proof-of-principle study, it was conducted in a small sample. We expect to continue to validate the technique in future studies and examine metrics at earlier time points (e.g., after 30 days of therapy).
